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PROPULSION REQUIREMENTS FOR LUNAR LANDING MISSIONS

EMPLOYING A DETACHABLE LUNAR LANDER
SUMMARY

For lunar landing missions employlng a lunar lander detachable
from the main craft in lunar orbit, the expressions for the earth-
return payload and lander weights are developed for staged and unstaged
shuttle ard main craft propulsion systems. Relative effects of vari-
ables such as propellant boiloff, velocity requirements, specific
impulse, and mass fractions, as well as staging and shuttle and earth-
return veights are evaluated. It is shown that no real advantages
exist in staging either the shuttle or the main craft.

~ INTRODUCTION

Consideration has been given recently to the use of a detachable
- menned vehicle for lunar landing which would separate from.the main
craft in lunar orbit, land ard return to the main craft. This vehicle,
referred to as the lunar lander or shuttle, would be capable of
supporting one or two men for a limited time and would be Jettlisoned
after recontact with the main craft in lunar orbit.

There is a limiting gross weight of the lander system that will be
compatible with the Apollc mission propulsion system when the latter is
used for lunar-orbit injection and ejection in support of the lunar-
lender concept.

: Another major effect to be considered 1s the launch-vehicle capa-
- bility since the earth-escape weight for the lunar-lander mission
exceeds the earth-escape weight for the nominal Apollo lunar orbit
mission.

In order to fully evaluate the impact on the Apollo launch and
spacecraft technique, 1t becomes necessary to develop the expression
for the earth-escape weight in terms of the various parameters effectlve.
Each parameter is to be investigated in order to evaluate its relative
- influence on the system design. ' '

. The nominal velocity increment requirements for the mission listed
in epperdix A were obtsined from the NASA Manned Spacecraft Center
Astromechanic and Navigation Section.. These velocity requirements are
nominal and do not include reserves for elther guidance errors or pro-
pulsion deficiencies. .
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 BYMBOLS

ratio of propellant bolloff per day to initial propellant weight

~of the lunar orbit insertion system, g zgzifgrggﬁiiit

ratio of propellant bolloff per day to initial propellant weight
W boiloff per day
W total propellant

of the lumar ejection system,

W _propellant

mass fraction of the mldcourse system(s), W total

' mass fraction of the lumar insertion system, W propellant

W total

mass fraction of the lunar ejectlion system, -‘-’—P%—ot;%—ﬁ

" mass fraction of shittle system(s), ¥ _propellant

W total
gravitational comstant (32.2 ft/sec/sec)
ratio of propellant boiloff per day to initial propellant weight

of the lander propulsion system, 3 :gii;fgropxe‘lizit

velocity i‘ncrement required for midcourse (fps)
velocity increment required for lunar orbit insertion (fps)
veloeity increment required for lunmar orbit ejection (fps)

veloeity increment required for lander-landing (fps).

‘velocity increment req_uired' for lander-launch and rendezvous -

(fps)

S
gl
Sps

52
gl
8P,




- gpecific impulse of insertion system,

1b - sec

specific impulse of midcourse system, o

1b - sec
1b

Ib - sec

specific impulse of election system, T

Ib - gec

specific impulse of lander system, o

) .wé:lght of lander at separation from main craft, (1b)

weight of lander at lunar touchdowm, (1b)

wveight of lander at lunar launch (wc = W, less first stage
propulsion system inert weight when staged) (1b)

welght of lander after recontact, (1Ib)
lander payload weight, (1b)
weight of lander crew, (1b)

welght of lander at separation from craft less crew weight

(g =W, ~ W), ()

we%ght of lander propellant system boiloff prior to separation,
1ib)

earth-escape weight, (1b)

earth-return payload weight, (1v)



GENERAL SOLUTIORS

In order to simplify the expressions for the system weights, the
velocity increments are assumed to include lunar gravitational losses.
The mass fractions employed are a measure of the ratio of usable pro-
Pellant to the propulsion-system gross weight. The mass fractions thus
include residual 11@116_. and vepor propellants as well as the pressurants.

The reaction-control system inert and average propellant weights
are assumed to be included in the lander payload weight. The reaction-
- control system propellants for the translunar phase of the mission are
assumed to be & constant 200 pounds for all missions. By adding this
amount to the calculated earth-escape weight, an error is introduced
due to the additional mldcourse propellants required. This error, how-
ever, ig insignificant and can be ignored. The reaction-control system
yropellant for the transearth phase is sssumed to be 1.25 percent of
the lunar escape weight. The inert weight of the main craft reaction
control system is assumed to be included in the eerth-return peyload.

When separate propulsion systems are used for the lunar orbit
ingertion and ejection, the insertion system is assumed to be staged or
: Jettisoned prior to ejection and the translunar midcourse propulsion
system is also assumed to be staged in this case. 1In all cases, the
specific impulse for the midcourse systems is assumed to be 305 pound-
seconds. per pound.

The lander is assumed to be jettisoned following lunar orbital
rendezvous and crew transfer.

Integration of the impulse-momentum relationship

w ——
-dW) . I =— ., 4V
(-aw) ——
results in
- W.
In ﬁ‘l = .g%\' (1)
2 sp :

Equation (1) is utilized in this report to calculate propellant
requirements.

When cryogenic propellants are used, it is assumed that the mission
will not require the lunar orbit insertion system beyond % days, the
lander system beyond 7 days; and the lunar orbit ejection system beyond
. 10 days. Allowable boiloff of propellants for these systems is based
.. on these time increments.



Lupar Lander System.-
1. Without staging on the lunar surface -

. Solving for initial separation weight in terms of the lander
weight results in the equation ’ ’

AV
8
&
W 8Py
'ﬁé = T (2)
. =
1-f, 8Py,

: y e -1
1 -
(fu ) -

When propellant boiloff is eliminated during the total mission,
this expression 1s simplified to

ra\'g
8
gIsph_
"A e ( )
— 5
WE 1 (l-fli-) AVB
- f’-l- gIsp
e b -1

) Whén boiioff does occur, the expression for the ratio of propel-
lant boiloff to the inltisl separation weight is

. AV
- 8
WO elyy
- RN - W I L
wA -8 l1-e (4)

2. With staging on the lunar surface (separate landing and launch
propulsion systems with the landing system Jettisoned prior to launch) =

Similarly; it can be shown that the following relationships
are applicable to the lunar surface staging condition:



Cryogenic Propulsion System -

LA e(t+u)
T -

F L)) () 7

Storable Propulsion System ~

v (t+u)
WA- = t : - u (6)
E El—s (e’ ~ 1):‘ El-s (e" - l):'
WO : t u t
_1=7he-te-l+e-l (l-se -1) (7
HA 1-Th en(l-'rh) 1-Th
Aval
where & = T
8P,
A\T5
2
and u =
SISPﬂ

Maincraft System.-

1. Unstaged -

The approximate expression for the earth-escape weight in
terms of earth-return payload weight W8 y lander gross weight

less crew (Wh) and lander propellant boiloff is

Vo +BW + 7V
Aw1=8 h 3 4 200 (8)

o




Where the 200 pounds represent an allowance for translunar reaction
control system propellant and

. -X
"asA&C-%‘L—

B = AF-G - Hq

= AJ-K . 2laD
rlAJK TE

A=e% (0.99575¢7F - 0.0063)

B = [(e-y) - 6aD]

C =pt (L - 0.99375B"7)

p=0% ne ™
1-10a + 6an

"E=1+2ajD

F=1-6all

G = pl (M + 0.99375 Fe %)
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\ & g i S < d b VAN E ‘ n
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K=pl (N+0.99575 Je"%)

X
I.31__23.De

e rrezanet
PRI b

DATE,




q = 1)
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2. Staged -
Similarly, the equatién for the earth-escape weight where
lunar-orbit staging is employed is

W8+ewﬂ+§wo

i 2+ 200 (9)
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PARAMETRIC EFFECTS

For an evaluation of the effects of mass fractions, velocity
increments, boiloff and staging, as well as the lander and earth-return
payload weights on the earth-escape payload requirements, each variable
wes investicorted separately.
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A 5 percent velocity increment reserve was used throughout this-
evaluation unless otherwise noted.

Iunar lander

Mass fraction.- The effect of the variation of the lunar lander
mass fraction is shown in figure 1 in terms of the ratio of the lander
gross weight to 1its payload weight. The specific 1mpulses of 420 and
440 pound-secornds per pound correspond to hydrogen-oxygen and hydrogen-
fluorine cryogenic propellant combinations respectively and are assumed
to have a boiloff rate of 1 percent per day for a total of T days.

The cryogenles were not considered for lunar-surface stn~ing. The
ratio of bolloff weight to lander payload weight during the (-day pericd
is shown in figure 2 for the two cryogenic propellant combinations.

Specific impulse.- The effect of variation of the specific impulse
of the lander system on 1ts initial weight 1s shown in figure 3. For
the purpose of evaluation of this parameter, boiloff was not taken into
account. A fixed mass fraction of 0.86 was assumed and the lander was
. not staged.

Velocity increments.- The effect of varying the velocity increment
requirements on the lander propulsion system i1s shown in figure 4 for
a system utilizing a specific impulse of 305 pound-seconds per pound,

a mass fraction of 0.86 and without staging.

Spaéecraf‘b Systems

Masgs fraction.- Earth-escape weights are.shown as a function of
the mass fraction for various specific impulses in figure 5 for the
misgion where lunar-orbit staging of the insertion and translunar
mideourse-propulsion systems is employed. The earth-return payload,
which includes the command and service modules but excludes the pro-
pulsion system, was assumed to be 11,000 pounds for this evaluation.
The specific impulse parameters of 285, 305 and 315 pound-seconds per
pound correspond to solid propellants and pressurized and pump-fed
storable propellants, respectively. The latter two conditions assume
the use of mixed oxides of nitrogen and hydrazine blend propellants.
The specific impulse perameters of 420 and 440 pound-seconds per pound
correspond to hydrogen-oxygen and hydrogen-fluorine cryogenic systems .
respectively. These two also include & l-percent per day boiloff from
both main spacecraft systems, as well as the lander. The lander for
the solid and storable main craft systems was assumed not to be staged
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and was assumed tc utilize a storable system with a specific impulse of
305 pound-seconds per pound, a mass fraction of 0.86, and a payload
weight of 1,800 pounds. The lander system for the cryogenic main eraft
systems was assumed to utilize the same propellants as the main craft.
For these two cases, the same specific impulses as the main craft system
were assumed in combination with & mass fraction of 0.80. The lander
payloed was 1,800 pounds and its propulsion system was assumed not to
be staged.

S8imilarly, figure 6 presents the effects of mase fraction on the
earth-escave weight when lunar-orbit staging is not employed.

Lunar-orbit staging.- The earth-escape weights for the gpecific
impulse paranmeters of 305 and 440 pound-seconds per pound as shown in
figures 5 and 6 are compared in figure 7 to variation due to lunar-
orbit staging.

Propellant boiloff.- The effect of boiloff allowances on the earth-
_escape weight for an unstaged maln craft utilizing a specific lmpulse of
420 pound-seconds per pound and a mass fraction of 0.85 is shown in
figure 8. The lander system for this case was assumed to utilize the

. same specific impulse as the main craft and a payload weight of
1,800 pounds. The lander mass fraction was assumed to be 0.80 as well
as an allowance of T days of bolloff at 1 percent per day. The earth-
return payload welght was assumed to be 11,000 pounds.

Velocity increments.- The effect of varying the veloclty increment
requirements on the main craft propulsion system is shown in figure 9.
The nominal velocity requirements are as outlined in appendix A. The
specific impulse and mass fraction were assumed to be 305 pound-seconds
per pound and 0.84 respectively. The earth-return paylosd weight was
assumel to be 11,000 pounds. For the purpose of this analysis, the
lander was assumed to have a payload of 1,800 pounds and an unstaged
Propv sion system with a specific impulse of 305 pound-seconds per pound,
mass ‘raction of 0.86 and a reserve of 5 percent. The resulting lander
gross welght was 12,950 pounds.

Earth-return payload.- The effect of variations of earth-return
payload weights were investigated utilizing an unstaged main craft pro-
pulsion system having a specific impulse of 305 with the results shown
in figure 10. The lander gross weight was again 12,950 pounds.

Lander gross welght.- The effect of the variation in lander initial
weights (i.e. gross weight less crew) is shown in figure 11. The same
conditions are assumed as in the previous case except that the earth-
return payload was fixed at 11,000 pounds. :




DISCUSSION OF RESULTS

From figure 1, a lander weighing 1,800 pounds and utilizing an
unstaged propulsion system with a specific impulse of 305 and a reason-
able mass fraction of 0.86 results in an initial lander weight of
12,950 pounds. If steging were considered for the lander, the average
mass fraction of the combined systems must be above 0.78 in order to
provide any benefit towards reducing the earth-escape weight require-
ments.  Since the additional weight associated with the added thrust
chamber, tubing and controls, as well as structural changes, would
probably result in a mass fraction on the order of 0.78 to 0.80, only
a slight advantage may be realized in the earth-escape weight. Relia-
bility considerations would overshadow any such weight advantage and
would favor the use of an unstaged lander. -

This factor is even more apparent in the main craft propulsion
system. Assuming a reasonsble mass fraction of 0.86 in figure 6 for
an unstaged system with a specific impulse of 305 pound-seconds per
pound results in an earth-escape weight of 5,500 pounds. From figure 5
it can be seen that this weight would be exceeded for a staged propul-
sion system unless the net mass fraction was at least 0.805. Since
this is not probable, it can be concluded that an unstaged main craft
propulsion system is the most economical approach to the lunar lander
mission ard i8 compatible with the Apollo mission propulsion system.

The increased earth-escepe weight over the normal Apollo lunar-
orbit mission will determine the required tankage size for midcourse
propellants if they are normally separated from the main tanks and are
not intended to be used in the translunar phase of the direct landing
mission.

CONCLUDING REMARKS

The intent of this paper was to derive the expressions: for the
earth-escape weight for the lunar-lander mission and to examine the .
various parametric effects on this weight. The primary purpose of this
approach was to investigate the compatibility of the lunar-lander mission
with the Apollo program.

Since the main objective of the Apollo mission is evemtuafidirect
Junar landing, no definite conclusions on the Apollo propulsion system
should be drawn from this analysis. It can be concluded, however, that
the unstaged Apollo mission propulsion system is compatible to the

lander mission. It can also be concluded that an unstaged lander is
degirable.



APPERDIX A

ROMINAL VELOCIIY INCREMENT REQUIREMENTS

Main craft.-
(a) Translunar midcourse

(b) Transfer to 100-mile apogee
. 5-mile perigee lunar orbit

{c) Iunar orbit to escape
(a@) Transearth midcourse
Lander. -

{a) From orbit to touchdown with an
initial T/W = 0.hO " :

“(b) Launch to orbit with lift-off
M = 1.0

(c) Rendezvous

350 fps

3,296 fps
3:296 fys
350 fps

6,250 fps

5,100 fps
500 fps
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‘No boil-off

= 0.86

= Initial lander welght

Wa

We

Payload weight

Lander not staged

..;f

16

400 420 440

380

320 340

300

Ib-sec
ib

impulse,

IC

pecifti

[y
«

Effect of specific impulse on lander weights,

Figure 3,-
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Lander not staged

12¢

1}

]

53 Inittal lander welight
: Lander payload weight

1o

12 13 T 1

Velocity requirements, (fps X1073)

Figure 4.~ Effect of total equivalent velocity requirements
for .lander propulsion system on lander weights.
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